Chitosan-silica porous hybrids were prepared by a novel strategy in order to improve the mechanical properties of chitosan (CHT) in the hydrogel state. The inorganic silica phase was introduced by sol-gel reactions in acidic medium inside the pores of already prepared porous scaffolds. In order to make the scaffolds insoluble in acidic media chitosan was cross-linked by genipin (GEN) with an optimum GEN concentration of 3.2 wt.%. Sol-gel reactions took place with Tetraethylorthosilicate (TEOS) and 3-glycidoxypropyltrimethoxysilane (GPTMS) acting as silica precursors. GPTMS served also as a coupling agent between the free amino groups of chitosan and the silica network. The morphology study of the composite revealed that the silica phase appears as a layer covering the chitosan membrane pore walls. The mechanical properties of the hybrids were characterized by means of compressive stress-strain measurements. By immersion in water the hybrids exhibit an increase in elastic modulus up to two orders of magnitude.
used for physical cross-linking while the most common chemical crosslinkers used are dialdehydes such as glyoxal and in particular glutaraldehyde (GTA) [15] . However, in the field of biomedical technology genipin (GEN) [17, 18] , a cross-linker of natural origin, is often favored over GTA for chitosan cross-linking due to its advantages in terms of cytotoxicity [19] .
Another very interesting approach for the preparation of new materials is the combination of chitosan with a second component to fabricate polymer blends and composites. Polymers, like gelatin [20] , poly(vinyl alcohol) [21] , poly(lactic acid) [22] and poly(ε-caprolactone) [23, 24] , to name a few, have been utilized for preparing blends with chitosan while inorganic materials, for example hydroxyapatite (HAp) [25] , layered silicates [26] , carbon nanotubes (CNTs) [27] and glass/ ceramic particles [28] [29] [30] [31] , have been used to form chitosan composites. Especially for applications that mechanical reinforcement is required the incorporation of an inorganic phase into the chitosan matrix to form hybrid materials appears as a very effective strategy. Chitosan/ silica hybrids have been prepared by mixing chitosan in the silane solution [32] . Reactions with 3-glycidoxypropyltrimethoxysilane (GPTMS) can link polymer chains to silica network through covalent bonds [33] [34] [35] . Furthermore, porous structures of chitosan/TEOS have been fabricated as described in references [36, 37] .
In this work silica was added in a previously formed chitosan scaffold in the form of a coating layer of the pore walls within the porous structure. The initial highly porous scaffolds were prepared by the freeze gelation technique [38] . CHT was cross-linked by GEN following the optimal procedure combined with the optimal mixture composition. The hybrids were produced by the in-situ synthesis of the silica inorganic part inside the pores of the scaffolds by sol-gel reactions [39] in acidic medium. Extending the successful procedure reported in previous publications of our group [40, 41] , in this work the coupling agent GPTMS was used in order to facilitate the wetting of the pores and to introduce chemical bonding between the organic and inorganic phases of the hybrid. The influence of silica incorporation in morphology, thermal and mechanical properties of chitosan scaffolds is assessed and discussed.
Experimental

Materials
Chitosan (CHT) with low molecular weight and deacetylation degree (DD) of 75-85% was purchased from Sigma-Aldrich. Acetic acid, hydrochloric acid and sodium hydroxide (NaOH) were supplied from Panreac. Genipin (GEN) was purchased from Wako Chemicals. 3glycidoxypropyltrimethoxysilane (GPTMS) and tetraethyl orthosilicate (TEOS) were obtained from Sigma-Aldrich. Ultrapure (MilliQ) water was used in all preparation procedures.
Preparation of hybrids
Preparation of cross-linked films and scaffolds
A starting CHT solution obtained by dissolving 1.5 wt.% of CHT in 1% wt acetic acid was used in all the procedures for preparing films and scaffolds. The solution was left stirring for 24 h and then filtered using a 70 μm millipore membrane.
In order to study the effect of cross-linking and to decide on the optimal GEN concentration to be used later, chitosan films with varying cross-linking degree were prepared. To that end the appropriate amount of GEN was mixed with 30 mL of the above CHT solution to obtain 0.66, 3.2, 6.2, 14.2 and 25 wt.% of GEN in the final CHT films. The mixtures were placed into Petri dishes to react for 24 h at room temperature and the films were obtained by solvent casting. The films were washed repeatedly with distilled water in order to remove residues of GEN and immersed in a 0.5 M solution of NaOH to neutralize them. Finally, were dried at 40 ºC in vacuum for 24 h.
Highly porous scaffolds were prepared using the freeze-gelation method [38, 42] . According to this method the chitosan solution being transferred in Teflon crystallizers was frozen at −80°C using liquid nitrogen. Then the frozen chitosan was fully immersed in the gelification environment of NaOH 0.5 M in ethanol aqueous solution, precooled at − 20°C. The frozen chitosan was left immersed for 72 h at − 20°C, a temperature lower than its freezing point. In that way chitosan was gelled and the acetic acid solution was removed leaving a porous structure. Finally, the obtained scaffolds were cut into disks of 8 mm diameter and washed thoroughly with distilled water up to neutral pH.
The final cross-linked CHT scaffolds were prepared by the two methods, namely method I (metI) and method II (metII) presented schematically in Fig. 1 and described as follows:
Method I
The CHT solution was mixed directly with GEN under vigorous stirring for 1 h to make a mixture containing 3.2% of GEN referring to the final CHT cross-linked samples. The blend was placed into Teflon crystallizer to react for 24 h at room temperature. Scaffolds were obtained by the freeze-gelation method and finally lyophilized using a Telstar Lyoquest apparatus in order to be left dried and with the pores fully opened for the subsequent steps.
Method II
The already prepared scaffolds or films of pure CHT were immersed into aqueous GEN solution (0.0065% w/v) at room temperature for 48 h and protected from light. To remove the excess of GEN the cross-linked films and scaffolds were washed with distilled water repeatedly. Then, the scaffolds were freeze-dried at −80 ºC for 24 h and the films were dried under vacuum.
Introduction of silica by sol-gel
In a second step the silica precursors were introduced inside the pores of the lyophilized scaffolds. For this purpose, the silica network was synthesized in situ by the sol-gel method [39] using TEOS and GPTMS as precursors. The molar ratio of TEOS with respect to GPTMS in the sol-gel solution was either 1:0.1, 1:0.5 or 1:1 and the molar ratios of the rest of the components (water, ethanol and chloride acid) of the starting solution were kept constant (1, 2 and 0.0185, respectively) with respect to TEOS. After 1 h of stirring, the above solution was transferred to a glass tube fully covering the CHT scaffolds. In order to assure that the pores of the polymer will be filled by the precursor solution, a vacuum pump attached to the reaction tube was pumping for 5 min prior to the introduction of the solution. After being immersed for 15 min in the sol-gel solution the samples were superficially rinsed with water/ethanol. Then, the scaffolds with silica layers on the pore walls, were left at room temperature for 24 h and subsequently dried for 24 h. Finally, the samples were washed with distilled water for 4 h and then dried again at 50°C in vacuum for 24 h. The weight content of the silica phase (including organic side chains of GPTMS) was calculated by the increase of weight of the membrane after sol-gel reaction ( Table 3 ) ranging between 74 and 89 wt.% of the obtained hybrid. The content of SiO 2 can be estimated from the residual weight after pyrolysis which ranges between 26 and 43 wt.% ( Table 3 ).
Material characterization
Morphology
The morphology of the CHT, CHT-GEN and CHT-GEN/silica scaffolds was studied by means of Scanning Electron Microscopy (SEM) using a JSM-6300 (JEOL) microscope, with the samples previously sputter coated with gold. Porosity was measured by a gravimetric method. The samples were weighed dried and then immersed into octane in order to have the pores filled. Porosity, p (%), was calculated as the quotient of the volume of pores (V pore ) and the total volume of the scaffold
The volume occupied by the pores, V pore , was deduced from the weight difference between dry (m dry ) and wet (m wet ) sample,
where the density of octane (ρ octane ) is 0.79 g/cm 3 . The chitosan volume, V polym was calculated by V polym = m CHT /ρ CHT, where density of CHT (ρ CHT ) was taken as 1.25 g/cm3. The water absorption capacity of scaffolds and films was determined by immersing them in phosphate buffered saline (PBS) solution (pH = 7.4) at room temperature for 1, 3 and 24 h. The amount of absorbed water was calculated as
where w dry is the mass of dry scaffold and m wet is the weight of scaffold after being immersed in PBS.
Solubility in acidic medium-extent of cross-linking
To study the solubility of CHT in acidic medium, the samples were immersed in a 1% acetic acid solution. The degree of cross-linking was quantified by performing the ninhydrin assay [43] . This test was used as the indicator of the free amino groups existing in both, the pure and cross-linked chitosan samples. The blue reaction product of ninhydrin with free amino groups has a maximum absorbance at 567 nm in isopropanol. The optical absorbance of the solution was recorded with a UV-visible spectrophotometer (CECIL 9000) at 567 nm. Glycine at various known concentrations was used as reference in order to construct the standard curve.
Hybrid composition-thermal properties
Pyrolysis residue was determined by heating the samples at 850 ºC for at least 2 h in air atmosphere using an electrical tubular oven (Gallur).
The thermal properties of samples were studied by thermogravimetric analysis (TGA) using a SDT-Q600 (TA-Instruments) equipment in nitrogen atmosphere with a constant heating rate of 10 ºC/min from 30 ºC to 800°C. Differential scanning calorimetry (DSC) measurements were performed in a DSC 8000 (Perkin Elmer) from −80 ºC to 150 ºC with a heating and cooling rate of 10 ºC/min using nitrogen as purge gas.
Mechanical property characterization
Dynamic mechanical analysis (DMA) measurements were carried out on dried and wet CHT and CHT-GEN films using a DMA 8000 (Perkin Elmer) apparatus. Thermo-mechanical analysis (TMA) measurements were carried out on CHT, CHT-GEN and CHT-GEN reinforced with silica. The stress-strain curves were recorded upon compression by means of a TMA/SS6000 (SII Seiko Instruments) on samples immersed in water.
Results and discussion
Chitosan cross-linked by genipin
Solubility in acidic medium
The primary goal of the essay regarding cross-linking of chitosan was to find the lower genipin concentration that renders chitosan scaffolds insoluble in acidic medium. To that aim cross-linked chitosan films and scaffolds with various GEN concentrations with respect to final CHT samples were prepared by the two methods presented in Fig. 1 . The mixing time of CHT solution with genipin before casting to Teflon molds was limited to 30 min. For mixing times longer than 60 min the gels become very viscous and are not transferable from the mixing vial. The above observation is confirmed by dynamic oscillatory rheology studies in genipin cross-linked biopolymers containing primary amide groups [44] . It is well known that the short chains of genipin act as cross-linking bridges between amino groups of chitosan [17] . By increasing GEN concentration the resulting color of the films varied from light to dark blue-green as can be seen in Fig. 1 . The characteristic dark-blue coloration that appears in the genipin cross-linked hydrogels exposed to air is associated with the oxygen radical-induced polymerization of genipin as well as its reaction with amino groups. It is worth noting that for the method II a reaction time of 24 h was not enough to complete the cross-linking and only after 48 h the films had the characteristic of bluish color indicating completion of cross-linking which makes chitosan gels insoluble in acidic medium.
Solubility tests were performed by immersing the films and scaffolds prepared by method I in 1% acetic acid solution. Pure chitosan films and scaffolds were dissolved after a few minutes, as expected, and the same was observed for the samples with 0.66 wt.% of GEN. The rest of the samples with higher concentration of GEN remained insoluble in the test solution even for weeks after the immersion. The above result was the decisive fact for choosing the GEN concentration to be 3.2 wt.% for preparing cross-linked films and scaffolds. As already stated chitosan is cross-linked by genipin through amino groups of chitosan. For the purpose of obtaining a hybrid material with links between the organic and inorganic phase it was desirable that a great amount of amino groups being left unreacted after cross-linking in order to react with GPTMS in the subsequent step of the preparation procedure.
The effect of CHT cross-linking with GEN was quantified by the ninhydrin assay. Table 1 depicts the number of moles of amino groups per mg of sample of pure CHT and CHT-GEN prepared by the two methods. The above results clearly show the reduction of the number of moles of free amino groups of CHT after crosslinking. Furthermore, higher cross-linking degree is observed for the samples prepared by method I. The direct mixing of genipin with the chitosan solution allows a reaction of higher yield compared to cross-linking of already formed chitosan film by the immersion into a genipin solution. Thus, the first method appears favorable as it is more straightforward and with higher yield. Furthermore, it is simpler and less energy and time consuming as it comprises only one step of lyophilization. Fig. 2 shows representative micrographs obtained from the SEM study. The pure uncross-linked chitosan depicted in Fig. 2 presents the typical structure of chitosan scaffolds prepared by the freezegelation technique [45] . It is well known that the final structure is influenced by the molecular weight of CHT [46] , the concentration of CHT [47] in the starting solution as well as by the freezing process [42] . In our case the use of 1.5 wt% CHT in the starting solution and the rapid cooling using liquid nitrogen leads to scaffolds with thin walls, interconnected pores with length of tens of microns and porosity of 95% as evaluated by gravimetric techniques and listed in Table 3 . The above topology characterized with high pore surface is adequate for possible cell attachment and differentiation [48] . No noticeable differences regarding porous morphology are observed when comparing pure CHT scaffolds and CHT-GEN metI (Fig. 2) or CHT-GEN metII (not shown here).
Effect of genipin cross-linking
The influence of genipin concentration and consequently the degree of cross-linking on the mechanical properties was studied on both, dry and water swollen films. The results obtained from stress-strain tests under tensile loading are reported in Table 2 for samples with varying genipin content. The elastic modulus of swollen pure CHT and CHT-GEN with 0.66 wt.% GEN was too low, out of the measuring window of the instrument. The increase of E′ value from 1950 MPa for neutralized CHT sample to 2320, 3580 and 3750 MPa respectively for 0.66, 3.2 and 6.2 wt.% of GEN is a consequence of the material stiffening by crosslinking. Furthermore, the hydrogel character of chitosan is evident as well as the softening effect of water which upon immersion leads to a decrease of the elastic modulus by more than three orders of magnitude. Fig. 3a depicts the swelling behavior of the films cross-linked with method I after being immersed in water for 1 h, 3 h and 24 h. The swelling degree of the pure CHT film is calculated to be close to 400%. The swelling ability decreases almost to the half for the GEN cross-linked films. By further increasing the amount of the cross-linker no significant changes are observed within the error of the measurement. Furthermore, it could be seen that the films have reached the highest capacity of water absorption already from the first hour of immersion. Fig. 3b presents water uptake of pure CHT and CHT-GEN porous scaffolds cross-linked by both methods. In those swollen samples water is fully filling the pores, thus water uptake depends mainly on porosity and cross-linking plays a minor role in water sorption. The results shown in Fig. 3 support the SEM observations and the porosity results in the sense that microstructure of the scaffolds is not significantly affected by cross-linking.
From this point forward all the genipin cross-linked chitosan scaffolds used for the incorporation of silica prepared by the two methods (method I or method II) are assigned as CHT genI and CHT genII respectively.
Chitosan/Silica hybrids by sol-gel
Morphology
The high porosity and the interconnectivity of the pores allow the efficient introduction of the silica precursor solution inside the scaffolds. The penetration of the solution in the interior of the scaffolds is further facilitated by the use of a vacuum pump during the preparation procedure. The concentration of the solution, the water/TEOS ratio and mainly the pH determines the final morphology of the in situ produced silica. It is well established that basic conditions lead to the production of silica in the form of branched species and microparticles [39, 41] while acidic conditions result in a continuous silica phase. In this work we have used acidic conditions in order to promote the formation of a silica layer covering the CHT walls of the pores. Previous works have shown that the final morphology of silica phase is affected by the properties of the polymer matrix. In PCL porous membranes, which is a highly hydrophobic polymer, we have seen that silica coating on pore walls is formed when sol-gel is performed in acidic conditions [41, 49] . On the contrary, in the case of a microporous PHEA hydrogel the solution not only fills the pores but it is absorbed by the pore walls as well [19] . The result after sol-gel reaction is a non-porous composite with a silica phase consisting in interconnected nano and micro-domains [19] because silica is formed into the nanopores of the hydrogel as well as in the macropores of the membrane, and silica interconnectivity collapses any remaining empty spaces. In the present case the starting solution easily penetrates the porous structure but does not swell significantly the CHT scaffolds. Thus, after the completion of the sol-gel reactions a porous hybrid scaffold is obtained. In Table 1 the coding of the hybrids that will be followed throughout the paper is reported. The increase of the residue weight, as evaluated by pyrolysis and TGA measurements ( Table 1 , results that will be further discussed later) indicates the presence of the silica phase. Furthermore, the results concerning the porosity of the resulting hybrid scaffolds as determined by gravimetric techniques are listed in the same table. The porosity decreases with respect to the original membrane, as expected. Volume fraction of pores depends on the amount of GPTMS used in the starting solution, a fact permitting its modulation. Furthermore, GPTMS serving as a coupling agent promotes the wetting of the CHT walls and hypothetically the chemical bonding with them. Indeed, Connell et al. [50] in a thorough study using solution and solid state Nuclear Magnetic Resonance (NMR) techniques have confirmed that the epoxide group of GPTMS can react with the primary amine of chitosan allowing covalent coupling of the polymer with the silica network. Furthermore, they have shown that the acidic conditions favor also the side reaction of water with the epoxide group of GPTMS to form diol at a ratio of 80% irrespectively of pH. As both reactions are acid catalyzed [51] the use of a very low pH~1 in the present study is expected to result in the covalent bonding of GPTMS with chitosan as well as in the formation of diols from GPTMS. SEM analysis allowed the assessment of the hybrid scaffold morphology showing that the porous structure of the scaffolds is retained as evidenced in Fig. 4a . A careful observation of the Fig. 4b reveals that the added inorganic phase partially fills the pores and, thus, contributes to the reduction of the porosity. Nevertheless, the resulting structure is still a highly porous material. The latter could be also proved by the SEM micrographs obtained from the residues of the scaffolds that have been pyrolized at 850°C in air. At the latter conditions only the inert inorganic part of the hybrid remains intact providing a very convenient way to study the morphology and the topology of the silica phase. Representative SEM micrographs are presented in Fig. 4c,d where a porous structure similar to that of the CHT can be observed.
It should be stressed that the potential use of the obtained porous structures described in the present paper is not limited to scaffolds for tissue engineering applications. The proposed strategy combined with the great versatility of the sol-gel method through the adjustment of the reaction parameters and the precursor ratio could allow the modification of the final porosity to meet the specific needs of various applications such as ultrafiltration, catalysis or pervaporation. . 3 . Swelling behavior of CHT films cross-linked by method I with different GEN content (a) and comparison of CHT scaffolds cross-linked by the two methods (b).
Thermogravimetric analysis
Thermogravimetric analysis was performed under nitrogen atmosphere from room temperature up to 800°C. An initial weight loss at around 100°C was observed, associated with the evaporation of water bound or trapped in the scaffolds. Chitosan exhibits a highly hydrophilic behavior [52] due to the hydroxyl and amino groups and the complete removal of water is difficult [53] . Furthermore, silica produced by solgel is also hydrophilic due to free silanol groups (Si-OH) that are always present in its surface. Previous studies have shown that the binding sites of silica prepared by sol-gel are already occupied by water molecules at a relative humidity level of 20% [54] . Fig. 5 shows TGA thermograms of CHT genI , CHT genI + T/0.5G and bulk TEOS/GPTMS 1:0.5 (coded as T/ 0.5G) starting at 150°C, excluding, thus, the initial water loss due to evaporation, for the sake of comparison.
Pure chitosan and genipin cross-linked chitosan are characterized by the same thermal degradation profile (not shown here). The mass loss with a derivative peak located at 280°C is assigned to the depolymerization of chitosan and generally varies with the molecular weight, the deacetylation degree [55] and the heating rate employed [56, 57] . Briefly, the degradation of polysaccharide structure starts by a random scission of the glycosidic bonds followed by a further decomposition to form acetic and butyric acids and a series of lower fatty acids [58] . The results show that the method of chitosan cross-link does not affect thermal degradation behavior of chitosan.
On the contrary, the hybrid scaffolds incorporating GPTMS-TEOS present a three step degradation behavior appearing as three peaks in the derivative graphs (Fig. 5 ). The first peak at lower temperatures corresponds to the thermal degradation of chitosan while the other two at higher temperatures are associated with the thermal degradation of the introduced reinforcement component. The latter consists of an inorganic (silica from TEOS and GPTMS) and an organic (from GPTMS) part. The thermal degradation of the hybrids can be further studied by comparing their TGA thermograms and the corresponding derivative curves with those obtained on the pure components: CHT genI and TEOS/GPTMS, produced in bulk which are also presented in Fig. 5 . For the hybrids a more gradual weight loss is observed as well as an enhancement of thermal stability as compared to pure chitosan, indicated by the shift of 35°C to higher temperatures of the derivative peak that corresponds to thermal degradation of chitosan.
Valuable information about the composition of the membranes could be extracted from the TGA experiments by evaluating the weight of the residue at the end of the heating scan. The values of the mass percentage of the residues are reported in Table 3 and refer to the dry mass of the samples after water removal. It is known that the thermal degradation of chitosan under nitrogen atmosphere is characterized by char formation [59] . A char residue of~32% is obtained for the pure chitosan and CHT-GEN. As expected, higher residues are observed at the end of the heating scans for the scaffolds containing silica as the residue of the inert inorganic part is added to the chitosan char. Values between 41% and 51% are obtained for the scaffolds with varying TEOS/GPTMS ratio while the scaffolds with lower GPTMS content present higher silica content. Furthermore, the method of chitosan cross-linking does not affect the final silica content. The residues obtained from TGA at nitrogen atmosphere also differ from those after pyrolysis under oxidative conditions up to 850°C as shown in Table 3 . At the latter case no residue is observed for the pure and cross-linked chitosan. The above confirms the influence of the surrounding atmosphere on the thermal degradation behavior of chitosan reported in previous works [60] . The high weight loss at oxygen atmosphere is attributed to a very efficient chain scission with the formation of volatile degradation products due to oxidation followed by further decomposition of oxidized chitosan.
Differential scanning calorimetry
The thermal properties of the scaffolds were further studied by DSC from −80°C up to 150°C. The second heating scan was used to compare the thermal behavior of different samples after erasing the effect of any previous thermal history. No thermal transitions were observed for the pure chitosan samples. An endothermic peak due to water evaporation appeared in the first scan but was absent in the second one. Furthermore, no indication of a glass transition could be observed. There is a controversy in the literature regarding the glass transition of chitosan and many authors stress the difficulty of its study by DSC [55, 61] . A glass transition temperature (T g ) has been ascribed at around 150°C by combining different techniques [62] .
Nevertheless, here we focus on a glass transition endothermic step appearing at temperatures below zero which appears only in scaffolds with TEOS/GPTMS and, thus, is attributed to the organic part formed by GPTMS. The DSC thermograms between −70 and −40°C of the scaffolds are presented in Fig. 6 together with those corresponding to bulk TEOS/GPTMS 1:0.5 and TEOS/GPTMS 1:1 for the sake of comparison. A glass transition is observed in materials for GPTMS content ratio higher than 0.1 and the estimated T g values are practically unaffected by GPTMS content and scaffold preparation method. The values of T g as well as those of the heat capacity jump at each transition are listed in Table 4 . Bulk TEOS/GPTMS samples present a glass transition around − 45 to − 50 ºC. The incorporation of GPTMS to the silica network disrupts its regularity due to the volume occupied by the organic side chains. The presence of the glass transition proves the cooperative conformational mobility of this organic/inorganic polymer network. Interestingly enough the glass transition is shifted to − 60 ºC when the TEOS/GPTMS is formed as a coating of the chitosan pore walls. This fact can be interpreted by assuming that the silica/organic structures formed in the coating layers are less ordered and, thus, with higher mobility than in the bulk. On the other hand, the heat capacity jump at the glass transition is larger in the coatings than in the bulk TEOS/ GPTMS which means that a larger part of the network segments are involved in cooperative rearrangements. Interaction between organic groups of GPTMS and the polymeric walls can produce more disordered structures at the interface with the polymer. Fig. 7 shows compressive stress-strain curves obtained by measurements performed in the samples immersed in water for the pure and cross-linked chitosan scaffolds as well as for those reinforced with silica. The elastic modulus has been calculated from the slope of the linear region of each curve and the results are reported in Fig. 7 . A slight increase of E′ can be observed by the cross-linking with GEN. As soon as the porosity is practically the same between CHT and CHT-GEN the strengthening effect is ascribed to cross-linking in agreement with the results presented in subsection 3.1.2. Furthermore, a significant increase on E′ is observed for the scaffolds reinforced by silica which is more than one order of magnitude with the sample incorporating the lower quantity of GPTMS. The reduction of porosity (Table 1 ) also accounts for the increase of E′ but the main contribution is due to the incorporation of a stiff silica material. It is worth noting the strong decrease of the modulus of the hybrid even for a small increase of GPTMS content (Table 1 ). This can be related to the increase of molecular mobility observed in DSC thermograms that makes coating layer more compliant. The latter observations imply that the mechanical properties of the chitosan scaffold could be controlled by changing the ratio of the silica precursors.
Mechanical properties
Conclusions
Silica reinforced membranes were prepared by the in situ synthesis of silica by sol-gel process inside the pores of chitosan scaffolds in acidic environment. The chitosan scaffolds were prepared by the freeze gelation technique and chitosan was cross-linked by genipin prior to silica introduction. The study regarding the optimum genipin concentration for the crosslinking procedure indicated that a GEN concentration of 3.2% is sufficient for rendering chitosan insoluble in acidic medium leaving at the same time adequate number of free amino groups to react with the silica precursors during the subsequent step of the preparation procedure. Two methods were examined for chitosan cross-linking by genipin either before or after scaffold preparation. The method in which the reaction with the cross-linking agent was performed by straight mixing at the chitosan solution prior to freeze gelation was favored as more efficient and simpler. The silica inorganic part was synthesized in situ using TEOS and GPTMS as silica precursors, the latter serving also as a coupling agent between the inorganic network and the hydrogel. The morphology studies revealed that the silica phase appears as a continuous phase covering the walls of the chitosan pores without affecting significantly the porosity of the scaffolds. By varying the TEOS/GPTMS ratio both, the porosity and the mechanical properties, as probed by compressive stress-strain tests, can be adjusted to meet specific needs. Finally, differential scanning calorimetry analysis allows the study of the glass transition of the separate GPTMS phase formed in the hybrids. More systematic DSC studies could shed some light towards understanding the admittedly complicated nature of GPTMS by evaluating its macroscopic properties in hybrid materials. 
